The dopamine transporter (DAT) is the primary site of action for psychostimulant drugs such as cocaine, methylphenidate, and amphetamine. Our previous work demonstrated a reduced ability of cocaine to inhibit the DAT following high-dose cocaine selfadministration (SA), corresponding to a reduced ability of cocaine to increase extracellular dopamine. However, this effect had only been demonstrated for cocaine. Thus, the current investigations sought to understand the extent to which cocaine SA (1.5 mg/kg/inf Â 40 inf/ day Â 5 days) altered the ability of different dopamine uptake blockers and releasers to inhibit dopamine uptake, measured using fastscan cyclic voltammetry in rat brain slices. We demonstrated that, similar to cocaine, the DAT blockers nomifensine and bupropion were less effective at inhibiting dopamine uptake following cocaine SA. The potencies of amphetamine-like dopamine releasers such as 3,4-methylenedioxymethamphetamine, methamphetamine, amphetamine, and phentermine, as well as a non-amphetamine releaser, 4-benzylpiperidine, were all unaffected. Finally, methylphenidate, which blocks dopamine uptake like cocaine while being structurally similar to amphetamine, shared characteristics of both, resembling an uptake blocker at low concentrations and a releaser at high concentrations. Combined, these experiments demonstrate that after high-dose cocaine SA, there is cross-tolerance of the DAT to other uptake blockers, but not releasers. The reduced ability of psychostimulants to inhibit dopamine uptake following cocaine SA appears to be contingent upon their functional interaction with the DAT as a pure blocker or releaser rather than their structural similarity to cocaine. Further, methylphenidate's interaction with the DAT is unique and concentration-dependent.
INTRODUCTION
The primary mechanism for the acute euphorigenic and reinforcing actions of cocaine is its ability to increase extracellular dopamine (DA) levels via inhibition of DA uptake at the DA transporter (DAT), particularly at mesolimbic nerve terminals (Ritz et al, 1987 (Ritz et al, , 1988 Kuhar et al, 1991; Peoples et al, 1998) . In addition to the acute pharmacological effects of cocaine, chronic administration has been shown to modify presynaptic DA terminal function. For example, D2-type DA autoreceptor numbers and activity, tyrosine hydroxylase (TH) levels, DAT cell surface expression, and maximal rates of DA uptake (V max ) are all changed by chronic or repeated cocaine exposure (Daws et al, 2002; Collins and Izenwasser, 2002; Self et al, 2004; Peraile et al, 2010) . The direction and magnitude of these changes, DA uptake in particular, appear contingent upon time course, withdrawal period, and route of cocaine administration, among other factors (Ramamoorthy et al, 2010; Peraile et al, 2010; Mandt and Zahniser, 2010) .
Given that basal extracellular DA levels as measured by microdialysis are influenced by release, diffusion and uptake by perisynaptic DATs at some distance from release sites, cocaine-induced alterations in the regulation of DA release and uptake will, in turn, have a long-term effect on basal DA levels (Chefer et al, 2003; Mateo et al, 2005; Ferris et al, 2011) . Indeed, microdialysis studies have found decreases in basal extracellular DA levels and reductions in cocaine-induced DA release as a function of cocaine experience (Ferris et al, 2011; Mateo et al, 2005; Hurd et al, 1989) . In addition to long-term alterations in DA release and uptake kinetics and corresponding DA tone, we have demonstrated a reduced ability of the DAT to be inhibited by cocaine, or cocaine tolerance, following highdose cocaine self-administration (SA) (Ferris et al, 2011) . Tolerance to cocaine effects at the DAT is induced by several schedules of SA, including discrete trial (Mateo et al, 2005) and fixed-ratio (Ferris et al, 2011) schedules, and persists for several weeks following cessation of cocaine intake (Ferris et al, 2011) . Notably, the reduced sensitivity of the DAT to cocaine appears to be independent of changes in DAT number, or maximal uptake rate, V max . Indeed, robust decreases in cocaine sensitivity are present regardless of whether the V max for DA uptake (related to surface DAT number) increases, decreases, or remains unchanged following cocaine intake and cessation (Mateo et al, 2005; Ferris et al, 2011) .
To date our knowledge of cocaine SA-induced DAT sensitivity changes is limited to cocaine itself; an understanding of the extent to which this effect generalizes to other compounds that bind to the DAT is lacking. Such understanding is particularly important for investigations into the mechanism(s) underlying reduced potency of cocaine at the DAT. Discovery of structural and/or functional characteristics of compounds that confer either sensitivity or insensitivity to changes in DAT function following cocaine SA will highlight domains of the DAT that may be particularly promising in the development of therapeutic targets for cocaine addiction. Therefore, the purpose of this research was to examine whether the reduced potency of cocaine following cocaine SA would extend, if at all, to other compounds based on their structural and/or functional similarity to cocaine. Therefore, we selected four DA uptake blockers (cocaine, nomifensine, bupropion, and methylphenidate (MPH)), four amphetamine-based DAT substrates/DA releasers (amphetamine, methamphetamine, 3,4-methylenedioxymethamphetamine (MDMA), and phentermine), and one non-amphetamine-based releaser (4-benzylpiperidine (BPP)) for investigation of their ability to inhibit uptake of DA in naïve and cocaine-experienced rats. Taken together, these compounds possess varying degrees of either structural or functional similarity to cocaine and amphetamine. MPH is a compound of particular interest to this study, because it has structural similarity to DAT substrates, but is functionally more similar to uptake blockers (Sonders and Amara, 1997; Wayment et al, 1999; Dar et al, 2005) .
MATERIALS AND METHODS

Subjects
Male, Sprague-Dawley rats (375-400 g; Harlan Laboratories) were used as subjects (N ¼ 70; naïve, n ¼ 41; cocaine SA, n ¼ 29), and multiple slices from cocaine SA animals were used to minimize the number of animals necessary for cocaine SA procedures (N slices ¼ 88; naïve, n ¼ 41; cocaine SA, n ¼ 47). When multiple slices were used, the drug was counterbalanced so that both blockers and releasers were represented within the same animal. All animals were maintained according to the National Institutes of Health guidelines in Association for Assessment and Accreditation of Laboratory Animal Care accredited facilities. The experimental protocol was approved by the Institutional Animal Care and Use Committee at Wake Forest School of Medicine.
SA Procedures
The procedures for implantation of cannulae into the jugular vein and cocaine SA have been described previously (Mateo et al, 2005) . Following surgery, animals were singly housed within chambers outfitted for both housing and SA procedures so that animals remained in chambers for the duration of SA procedures. Each animal was maintained on a reverse light cycle (0300 hours lights off; 1500 hours lights on), and all SA procedures occurred during the active/dark cycle (900-1500 hours). Each lever press resulted in the delivery of 1.5 mg/kg cocaine over 4 s. This dose was chosen because it is the most reinforcing dose, at the top of the dose-response curve in measures of reinforcing efficacy, and preferred over lower doses in choice studies (Richardson and Roberts, 1996) . Concurrent with the start of each injection, the lever retracted and a stimulus light was activated for 20 s to signal a time-out period during which time responses produced no programmed consequence. The session was terminated after 40 injections or after 6 h, whichever occurred first. Typically under these conditions, animals acquired a stable pattern of cocaine SA and administered the full 40 injections allowed within 1-5 days. Once the animals reached the maximum number of injections allowed in a single session (ie, 40), they were required to self-administer 40 injections per day for five consecutive days before the voltammetry experiment.
Fast-Scan Cyclic Voltammetry
All voltammetry experiments were conducted in the morning (active/dark cycle) following final SA session (24 h from the start of the final session). Multiple coronal slices (400 mM) containing the nucleus accumbens (NAc) were prepared from each animal with a vibrating tissue slicer while immersed in oxygenated artificial cerebrospinal fluid (aCSF) containing (in mM): NaCl (126), KCl (2.5), NaH 2 PO 4 (1.2), CaCl 2 (2.4), MgCl 2 (1.2), NaHCO 3 (25), glucose (11), L-ascorbic acid (0.4) and pH was adjusted to 7.4. Once sliced, the tissue was transferred to the testing chambers containing bath aCSF (321C), which flowed at 1 ml/min. After a 30-min equilibration period, a cylindrical carbon fiber microelectrode (100-200 mM length, 7 mM radius) and a bipolar stimulating electrode were placed into the core of the NAc. We selected the NAc core given dense innervations of DA nerve terminals and because it is a critical locus for the reinforcing and rewarding actions of cocaine. Further, our previous research has concentrated on plasticity of DATs in both the core and shell and demonstrated similar results. DA was evoked by a single, rectangular, electrical pulse (300 mA, 2 ms) and applied every 5 min. Extracellular DA was monitored at the carbon fiber electrode every 100 ms using fast-scan cyclic voltammetry (Kennedy et al, 1992) by applying a triangular waveform (À0.4 to + 1.2 to À0.4V vs Ag/AgCl, 400 V/s). Once the extracellular DA response was stable (ie, did not exceed 10% variation in peak height for three successive stimulations), one of nine drugs (four blockers and five releasers) was applied cumulatively to the brain slice. The four DAT blockers were cocaine (0.3-30 mM), nomifensine (0.3-30 mM), bupropion (0.3-30 mM), and MPH (0.3-30 mM), whereas the five releasers were amphetamine (0.3-10 mM), methamphetamine (1-100 mM), MDMA (3-100 mM), phentermine (1-30 mM), and BPP (1-100 mM). The concentrations were chosen to equate inhibition constants in naïve animals whenever possible (John and Jones, 2007) . Immediately following the completion of each concentration-response curve, recording electrodes were calibrated by recording their response (in electrical current; nA) to a known concentration of DA in aCSF (3 mM) using a flowinjection system. This value was then used to convert electrical current to DA concentration. To evaluate the effects of drugs, evoked levels of DA were modeled using MichaelisMenten kinetics, as a balance between release and uptake (Wightman et al, 1988) . Michaelis-Menten modeling provides parameters that describe the amount of DA released following stimulation (ie, the peak height of the signal), the maximal rate of DA uptake (V max ), and inhibition of the ability of DA to bind to the DAT, or apparent uptake inhibition (apparent K m ). For baseline modeling (pre-drug), we followed standard voltammetric modeling procedures by setting the apparent K m parameter to 160 nM for each animal based on well-established research on the affinity of DA for the DAT (Wu et al, 2001) , whereas baseline V max values were allowed to vary as the baseline measure of rate of DA uptake. Indeed, while the affinity of DA for the DAT does not substantially vary from animal to animal, chronic cocaine SA has been shown to alter the V max by altering the number of DATs on the cell surface. Following drug application, apparent K m was then allowed to vary to account for changes in drug-induced DA uptake inhibition, while the respective V max value determined for that subject at baseline was held constant. The apparent K m parameter models the amount of DA uptake inhibition following a particular dose of drug rather than the explicit affinity of DA for the DAT (ie, K m ) per se. All voltammetry data were collected and modeled using the Demon Voltammetry and Analysis Software (Yorgason et al, 2011) . Baseline voltammetry data were compared across groups using one-way analysis of variance (ANOVA) using the Graphpad statistical software. Data obtained after administration of each drug was subjected to a two-way ANOVA, with experimental group and concentration of the drug as the factors. When significant main effects were obtained (po0.05), differences between groups at each dose were tested using Bonferroni post-hoc tests.
RESULTS
Escalation in the Rate of Cocaine Intake Across Sessions
After animals achieved stable lever pressing behavior for cocaine, they were allowed to self-administer 40 injections per day for 5 days under an FR1 schedule of reinforcement. Figure 1a shows data from a representative animal depicting typical decreases in the inter-infusion interval over days, thus reducing the total session length. Figure 1b demonstrates a significant escalation of the rate of cocaine intake (F 4, 76 ¼ 24.75, po0.0001).
Cocaine SA Reduces Baseline-Stimulated Release and Slows Baseline Rate of DA Uptake
The baseline (pre-drug)-stimulated DA release and uptake parameters from each drug cohort were combined and analyzed to investigate cocaine SA-induced differences in baseline DA kinetics. As expected given previous work with this model (Ferris et al, 2011) , baseline electrically stimulated DA release was significantly attenuated following cocaine SA (t 86 ¼ 3.76, po0.001) as shown in Figure 2a and the representative traces in Figure 2c . In addition to blunted release, Figures 2b, c, and 4a (matched peak height) demonstrate that the maximal rate of DA uptake (V max ) was significantly attenuated/slowed following cocaine SA (t 86 ¼ 4.08, po0.0001).
Cocaine SA Reduces the Ability of DAT Blockers to Inhibit DA Uptake Multiple concentrations of cocaine, nomifensine, and bupropion were cumulatively added to brain slices of naïve animals and cocaine SA animals, while DA release and uptake kinetics were monitored. When cocaine was applied cumulatively to slices, a two-way mixed ANOVA using apparent K m (ie, DA uptake inhibition) as a dependent measure indicated a significant main effect of cocaine concentration (F 4, 28 ¼ 208, po0.0001), a main effect of treatment (F 1, 28 ¼ 38.42, po0.0001), and a Concentration Â Treatment Interaction (F 4, 28 ¼ 36.14, po0.0001). Indeed, while Figure 3a demonstrates that DA uptake inhibition increased in both groups, cocaine-induced uptake inhibition in cocaine SA animals was substantially reduced relative to naïve animals. Treatment comparisons of individual concentrations with Bonferroni correction demonstrated that both the 10 mM (po0.05) and 30 mM (po0.001) concentrations were significantly different. DA traces (matched for peak height) from individual animals shown in Figure 4 demonstrate a more rapid return to baseline in cocaine SA animals ( Figure 4b ).
The effects of nomifensine and bupropion were almost identical to cocaine in that apparent K m data demonstrated a significant main effect of concentration (nomifensine, F 4, 40 ¼ 224, po0.0001; bupropion, F 4, 24 ¼ 73.21, po0.0001), a main effect of treatment (nomifensine, F 1, 40 ¼ 24.11, po0.0001; bupropion, F 1, 30 ¼ 11.57, po0.05), and a Concentration Â Treatment Interaction (nomifensine, F 4, 40 ¼ 14.53, po0.0001; bupropion, F 4, 24 ¼ 11.18, po0.0001). Figure  3b and c demonstrate that DA uptake inhibition increased in both groups, but nomifensine-and bupropion-induced uptake inhibition in cocaine SA animals was substantially reduced relative to naïve animals. Treatment comparisons of individual concentrations with Bonferroni correction demonstrated that both the 10 mM (po0.05) and 30 mM (po0.001) concentrations were significantly different for nomifensine, whereas the 30 mM concentration (po0.001) was significantly different for bupropion.
As there was no difference in apparent K m at the lowest cocaine concentrations of blockers tested, we investigated cocaine-induced changes in DA peak height. Because increases in DA peak height following application of blockers are thought to reflect DA uptake inhibition, any reduction in the ability of cocaine to increase peak height in animals with a history of cocaine SA would suggest a reduced ability to inhibit DA uptake. Indeed, low concentrations of DAT inhibitors often increase the peak height of signals before slowing the descending limb of the DA signal (Jones et al, 1995) , explaining why effects on uptake inhibition manifest in the peak height before apparent K m .
As expected, measures of DA peak height (expressed as percent baseline peak height) demonstrate that stimulated DA engendered an inverted U-shaped function across increasing doses of all blockers. Release data are expressed as a percent of baseline to account for any initial (pre-drug) differences in DA peak height that clearly influence the raw peak height of the dose response for each drug as shown with raw peak-height data in Supplementary Figure S1 . Indeed, Figure 3e demonstrated a significantly smaller peak-height change in cocaine SA animals when the DA response following 300 nM (po0.05) and 1 mM (po0.05) cocaine was expressed as a percent baseline (pre-drug) response. Thus, cocaine SA animals demonstrated significantly reduced uptake inhibition across all concentrations, which was observed in at least one of two dependent variables (apparent K m in Figure 3a or peak height in Figure 3e ). This reduction in peak height when expressed as a percent of baseline was not observed for nomifensine (Figure 3f ) or for bupropion (Figure 3g ), despite the reduced K m at higher doses for each drug. Bupropion did, however, demonstrate reduced DA release following cocaine SA that is attributable to baseline differences in DA release (Supplementary Figure S1 ; F 1, 30 ¼ 14.53, po0.05).
Unique Effects of MPH on DA Uptake After Cocaine SA
Contrary to the robust effects of cocaine SA in attenuating the ability of other blockers to inhibit DA uptake, the ability of MPH to increase apparent K m for DA uptake was unaffected by cocaine SA. Figure 3d demonstrates no difference between naïve and cocaine SA animals at every concentration tested. In addition, DA traces (matched for peak height) from individual animals shown in Figure 4c demonstrate no difference in return to baseline in cocaine SA animals following MPH.
When examining peak-height changes, however, there was a main effect of cocaine SA on raw peak height (Supplementary Figure S1E ; F 1, 36 ¼ 4.78, po0.05), which was not solely attributed to baseline differences in release. Low concentrations of MPH were similar to cocaine in that MPH was less effective at increasing peak height in cocaine SA animals, as demonstrated when peak height is expressed as a percent of baseline response (Figure 3h ). Indeed, there was a main effect of cocaine SA on peak height in response to MPH when expressed as a percent of baseline (F 1, 36 ¼ 6.46, po0.05). Planned comparisons in Figure 3e demonstrated a significantly reduced peak height following 300 nM (po0.05) and 1 mM (po0.05) MPH in cocaine SA animals. As increases in DA peak height following application of blockers are thought to reflect DA uptake inhibition, the reduction in the ability of MPH to increase peak height in animals with a history of cocaine SA suggests a reduced Figure 3 Cocaine self-administration (SA) significantly reduces the ability of multiple dopamine (DA) uptake blockers to inhibit DA uptake, with the exception of methylphenidate (MPH). The top row of graphs (a-d) demonstrates the effect of cocaine (a), nomifensine (b), bupropion (c), and MPH (d) on DA uptake, measured as apparent K m (y axis scaling varies across panels). Note that uptake inhibition is significantly reduced in animals with a history of cocaine SA (green squares) when compared with naïve animals (black squares) in panels a-c (**po0.001; *po0.05). When MPH is applied to the slice (d), however, the groups perfectly overlap, indicating no difference in the ability of MPH to inhibit DA uptake following cocaine SA. DA peak height for each concentration of cocaine (e), nomifensine (f), bupropion (g), and MPH (h), expressed as a percent of baseline peak height acquired before drug application. Blocker-induced increases in peak height (from baseline) are thought to largely represent increases in uptake inhibition when using brain slices. MPH, therefore, resembles cocaine in that normalized peak height (ie, uptake inhibition) at low concentrations is significantly higher in naïve animals (black squares) relative to cocaine SA animals (green squares), with no differences at higher concentrations. The colour reproduction of the figure is available at the Neuropsychopharmacology journal online. Figure 4 Representative dopamine (DA) traces (matched peak height) demonstrating no effect of cocaine self-administration (SA) on the ability of methylphenidate (MPH) (10 mM) to inhibit DA uptake, similar to the lack of effect demonstrated by releasers (methamphetamine (30 mM)), but not blockers (cocaine (10 mM)). Note that the descending limb of DA curve from animals with a history of cocaine SA (green traces) is slower and shifted to the right relative to naïve (black traces) at baseline (a). In addition, the descending limb of DA curve from animals with a history of cocaine SA is substantially reduced relative to naïve for cocaine (b), but not for MPH (c) and methamphetamine (d). The colour reproduction of the figure is available at the Neuropsychopharmacology journal online.
Cocaine-induced DAT changesability to inhibit DA uptake. The cocaine SA-induced attenuation is similar to differences shown when low concentrations of cocaine are applied to the slice (Figure 3a) . Therefore, cocaine SA history has a biphasic effect on MPH's ability to inhibit DA uptake, whereby inhibition is reduced at low concentrations (p1 mM) as indicated by the attenuation of peak height, while remaining intact at higher concentrations (X3 mM) as indicated by no change in either peak height or apparent K m .
No Effect of Cocaine SA on the Ability of DAT Substrates to Inhibit DA Uptake Contrary to the robust effects of cocaine SA on most of the blockers tested (except MPH), all five substrates/releasers failed to demonstrate any alteration in uptake inhibition as a result of cocaine SA history. This is the case when looking at both apparent K m measurements (Figure 5a -e, top row) and peak height when normalized to baseline release (Figure 5f -j) (all effects P40.05). DA traces (matched for peak height) from individual animals shown in Figure 4d demonstrate no difference in return to baseline in cocaine SA animals following methamphetamine. The only effect present for two of the five releasers (phentermine; F 1, 24 ¼ 6.42, po0.01; and BPP, F 1, 20 ¼ 17.14, po0.01) is that the significantly lower raw DA peak-height level at baseline (pre-drug) remains significantly lower throughout the dose-response curves as demonstrated in Supplementary  Figures S2A-S2E . These differences, however, can be attributed to the initial difference in baseline release demonstrated by no effect of cocaine SA after normalizing peak heights, and therefore are not an effect of the drug on the slice per se.
DISCUSSION
The high-dose, fixed-ratio cocaine SA paradigm used in this study resulted in significant escalation in the rate of intake over sessions. Escalation during long-access SA of psychostimulants has been demonstrated with a number of drugs, including cocaine, MPH, and amphetamine, and is thought to be associated with the switch from abuse to addiction in humans Koob, 1998, 1999; Marusich et al, 2010) . The observed changes are reminiscent of changes in the patterns of SA when a lower dose of cocaine is substituted for a higher one, which would be consistent with reduced cocaine effects, or tolerance (Carelli and Deadwyler, 1996) . A similar escalation in cocaine dosing also commonly occurs during bingeing in humans (Dackis and O'Brien, 2001) , and humans self-report tolerance to the euphorigenic effects of cocaine following repeated use (Mendelson et al, 1998; Reed et al, 2009) . Following escalation in the rate of cocaine intake, this study demonstrates reduced DA release and slower baseline rates of DA uptake. In addition, the ability of several DAT blockers to inhibit DA uptake was reduced following cocaine SA. On the other hand, experience with cocaine failed to attenuate the potency of either amphetamine-or non-amphetamine-based DAT substrates/DA releasers. Perhaps, the most intriguing finding was that, unlike all other blockers tested, the potency of MPH to alter apparent K m for DA uptake remained unchanged, demonstrating that MPH has a unique pharmacological profile that is distinct from prototypical DAT blockers.
It is not fully clear why DA release is blunted in cocaine SA animals. Repeated, prolonged increases in DA levels resulting from cocaine administration have been shown to desensitize presynaptic D2 receptors (Mateo et al, 2005; Beaulieu and Gainetdinov, 2011) , and subsensitive autoreceptors would produce increases in stimulated DA release, not decreases as shown here. One possible explanation for blunted release could be decreased presynaptic DA synthesis in cocaine SA animals. Indeed, reductions in the ratelimiting enzyme TH and its phosphorylation have been demonstrated in the NAc following contingent and noncontingent administration of cocaine (Todtenkopf et al, 2000; Self et al, 2004) . Nevertheless, the fact that there is no Figure 5 Cocaine self-administration (SA) has no effect on the ability of multiple dopamine (DA) releasers to inhibit DA uptake. The top row of graphs (a-e) demonstrates the effect of 3,4-methylenedioxymethamphetamine (MDMA) (a), methamphetamine (b), phentermine (c), and amphetamine (d) and the non-amphetamine releaser 4-benzylpiperidine (BPP) (e) on DA uptake for both naïve (black squares) and cocaine SA animals (green squares), measured as apparent K m (y axis scaling varies across panels). Normalized stimulated DA release (bottom row; f-j), measured across all concentrations of drugs, indicated no effect of a history of cocaine SA on the decline in stimulated DA release to increasing doses of releasers. The colour reproduction of the figure is available at the Neuropsychopharmacology journal online.
Cocaine-induced DAT changes MJ Ferris et al difference in amphetamine potency following cocaine SA suggests little or no difference in DA synthesis because amphetamine is particularly sensitivite to changes in DA synthesis (Sabol and Seiden, 1998) . Another possibility is sequestration of DA-containing vesicles away from release sites following cocaine exposure (Farnsworth et al, 2009) . A third possibility is cocaine-induced alterations in proteins that govern vesicular release of DA (Venton et al, 2006) .
In addition to decreased stimulated release, previous work in our laboratory has demonstrated that regardless of whether the maximal rate of DA uptake is decreased, as in the current investigation, or increased following other schedules of cocaine reinforcement (Mateo et al, 2005) , high-dose cocaine SA ultimately reduces the ability of cocaine to inhibit DA uptake (Mateo et al, 2005; Ferris et al, 2011) . This dissociation of cocaine potency and maximal rate of DA uptake, which is linked to trafficking of DATs to the cell surface, suggests that there is an allosteric alteration in the DAT, rendering it less sensitive to cocaine, but fully capable of transporting DA. It was unclear, however, whether the reduced cocaine sensitivity extended to other drugs with functional similarity to cocaine (ie, DA uptake blockers).
Here we demonstrated that a history of cocaine SA is capable of reducing the ability of the uptake blockers nomifensine and bupropion, with structural dissimilarity to cocaine, to inhibit DA uptake. This is the first demonstration that pharmacodynamic tolerance to uptake inhibition extends beyond cocaine, and may underlie self-reports of psychological tolerance to multiple psychostimulants in cocaine-abusing humans (Mendelson et al, 1998; Reed et al, 2009) . The putative conformational alterations in the DAT induced by cocaine SA could be due to changes in phosphorylation state, glycosylation, or lipid environment, which disrupt molecular interactions of uptake blockers (Foster et al, 2008; Chen et al, 2009) . Our earlier work demonstrated that the exogenous substrate amphetamine, unlike cocaine, failed to demonstrate any change in potency following cocaine SA (Ferris et al, 2011) . Further, amphetamine SA did not produce changes in the potency of cocaine or amphetamine (Ferris et al, 2011) . It remained unclear, however, whether the lack of change in amphetamine effects was unique, or if it extended to other releasers/ substrates.
Here we show that a history of cocaine SA fails to reduce the DAT-inhibiting ability of several amphetamine-based DAT substrates/DA releasers, including amphetamine, methamphetamine, phentermine, and MDMA, which display varying affinities for the DAT (John and Jones, 2007) . Furthermore, cocaine SA does not affect the potency of the structurally distinct, non-amphetamine releaser BPP (Negus et al, 2009) . Therefore, there appears to be a discrepancy between DA uptake blockers and releasers that act as substrates for the DAT in the ability of these compounds to interact with the DAT following a history of cocaine SA.
To test whether function or structure determined DAT sensitivity after cocaine SA, we selected MPH as a target molecule, given its functional similarity to cocaine and other DA uptake blockers on the one hand (Ukairo et al, 2005) and structural and binding similarities to amphetamine on the other. Cocaine SA failed to modulate MPH-induced DA uptake inhibition, similar to the lack of effect demonstrated for the DAT substrates/DA releasers. However, we noted that MPH effects on DA release/peak height (but not uptake) are similar to the uptake blockers. When examining release changes with different doses of MPH, it looks strikingly like cocaine, even demonstrating reduced potency in increasing peak height at low doses in SA animals. In fact, as increases in DA peak height induced by cocaine are thought to be driven by DA uptake inhibition during the release phase, the reduced ability of MPH to increase peak height in animals with a history of cocaine SA suggests a reduced ability to inhibit DA uptake. Low concentrations of cocaine and MPH increase the peak height of signals before slowing the descending limb of the DA. At higher concentrations, however, MPH retains normal potency similar to releasers when examining both the downward slope of the uptake curve (apparent K m ) and the peak height when normalized to pre-drug release. Therefore, cocaine SA uniquely modulates the effects of MPH in the sense that MPH shares characteristics of both a DA blocker and DA releaser, depending on the concentration applied. This finding is consistent with binding studies demonstrating that MPH binds to both the cocaine/blocker and DA/substrate sites on the DAT, with higher affinity at the cocaine/blocker site (Wayment et al, 1999; Corera et al, 2001; Dar et al, 2005) .
MPH is not a substrate for the DAT as are traditional releasers (Sonders and Amara, 1997) ; therefore, unlike releasers, MPH does not enter the cell and would not have the capability of interacting with the vesicular monoamine transporter and causing DA efflux through traditional substrate mechanisms. Even without being transported, it is possible that MPH could act at the substrate site(s) to change the orientation of the DAT to an inward-facing conformation, inhibiting uptake via reverse transport of DA as well as competition with DA for the substrate site(s). Such a change in orientation has been proposed with substrate binding to the DAT (Shan et al, 2011) , ionic interactions with the DAT (Chen and Reith, 2004) , and alternate access models for other symporters such as the serotonin transporter (Androutsellis-Theotokis and Rudnick, 2002) .
Although it remains unclear why the DAT changes induced by cocaine SA do not affect the potency of DA releasers or MPH, one might speculate that reverse transport may mask any changes in uptake inhibition, because they are occurring at the same time. Reverse transport, however, would have to be greater in the cocaine SA group to offset reduced uptake inhibition, and the mechanism for greater reverse transport is unclear. Alternatively, the DAT alterations underlying releaser-evoked reverse transport may mitigate the cocaine SA-induced DAT changes, in effect resetting the transporters back to normal. A third possibility is that releasers and MPH may interact at sites on the DAT that are completely independent of the sites where cocaine and other blockers bind, with the two drug classes performing two separate types of uptake inhibition. The findings that MPH behaves as a releaser, but is not transported into the cytoplasm, restrict the possibilities of mechanisms involved in cocaine tolerance/ releaser resistance to extracellular DAT interactions and rule out intracellular actions.
Cocaine-induced DAT changes
In summary, this study demonstrates that a history of high-dose cocaine SA reduces the ability of DAT blockers to inhibit uptake while leaving releaser potency unaltered. Further, MPH resembles a blocker in its effects on DA release at low concentrations, but a releaser on DA uptake and at high concentrations. This suggests differential effects of MPH contingent upon concentration, which has implications beyond cocaine SA. Indeed, this may underlie critical differential mechanisms of MPH when taken at the low doses used therapeutically and higher doses that are increasingly abused (Teter et al, 2006; Shaw et al, 2008) .
The attenuated effects of cocaine documented in these experiments may help to explain the phenomenon of tolerance to the subjective effects of cocaine in human cocaine users (Mendelson et al, 1998; Reed et al, 2009 ). In addition, the fact that cocaine SA produces tolerance not only to cocaine, but also to other DAT blockers as well may provide some insight into why agonist pharmacotherapies based on high-affinity DAT blockers may be less promising than amphetamine or MPH in treating cocaine addiction (Grabowski et al, 2004; Negus et al, 2007; Rothman et al, 2008; Karila et al, 2011) . Furthermore, due to pharmacodynamic tolerance at the DAT, cocaine and other blockers do not increase DA levels to levels reached in naïve animals (Mateo et al, 2005; Lack et al, 2008; Ferris et al, 2011) . This brings up the question of what aspect(s) of cocaine taking is providing continued reinforcement during chronic cocaine use, if not DAT inhibition, but further studies will be required to address this issue. These results detailing the differential effects of cocaine SA on structurally dissimilar uptake blockers, releasers, and MPH may provide important information to further our understanding of acute and chronic effects of psychostimulants on DAT function.
